Chemoenzymatic dynamic kinetic resolution (DKR) of rac-1-phenyl ethanol into R-1-phenylethanol acetate was investigated with emphasis on the minimization of side reactions. The organometallic hydrogen transfer (racemization) catalyst was varied, and this was observed to alter the rate and extent of oxidation of the alcohol to form ketone side products. The performance of highly active catalyst [( pentamethylcyclopentadienyl)IrCl 2 (1-benzyl,3-methyl-imidazol-2-ylidene)] was found to depend on the batch of lipase B used. The interaction between the bio-and chemo-catalysts was reduced by employing physical entrapment of the enzyme in silica using a sol-gel process. The nature of the gelation method was found to be important, with an alkaline method preferred, as an acidic method was found to initiate a further side reaction, the acid catalyzed dehydration of the secondary alcohol. The acidic gel was found to be a heterogeneous solid acid.
Introduction
Combining bio-and chemo-catalysis provides powerful methods for chemical synthesis. 1 Chemoenzymatic dynamic kinetic resolution (DKR) of secondary alcohols has received considerable attention. In kinetic resolution an enzyme-catalyzed reaction is used to kinetically discriminate between two enantiomers in a racemic mixture and convert one but not the other into the product. In DKR a chemical catalyst is added in order to racemize the enantiomers, ensuring that all the substrate can be utilized. The combination of lipase B and an organometallic hydrogen transfer catalyst for the conversion of secondary alcohols into enantiopure acetates has been particularly effective, for example the DKR of rac-1-phenyl ethanol into R-1-phenylethanol acetate (Scheme 1). 2, 3 The success of this combination has led to commercialization. 4 Lipase B is frequently added as an immobilized enzyme aggregate such as Novozym® 435, a macroporous acrylic resin containing CalB (Candida antarctica lipase B). Highly successful catalysts are often Ru(II) complexes, 5, 6 the most recognizable of which is Shvo's catalyst 7 ( Fig. 1 ), but examples of efficient Rh(III) 8 and Ir(III) 8, 9 catalysts have also been reported. The metal complex catalyses racemization by a hydrogen transfer mechanism (Scheme 2). The chemoenzymatic DKR of secondary alcohols to yield chiral esters is susceptible to oxidation of the alcohol by dehydrogenation or Oppenauer oxidation [10] [11] [12] to form ketone side products. This side reaction is expected to vary as the organometallic catalyst varies since the relative rate of oxidation versus racemization should be chemocatalyst dependent.
A further side reaction that may occur in chemoenzymatic DKR is the reaction between the chemical catalyst and biocatalyst. Enzymes such as CalB have a wide variety of ionic domains and regions rich in groups that may act as donors for the dissolved metal ion. In instances in which the chemocatalyst becomes associated with the protein structure racemization will be prevented, or at least, severely reduced; and the interaction may also disrupt the enzyme's activity by altering the protein structure. The prevalence of this type of interaction explains why many active hydrogen transfer catalysts exist which are inactive in the presence of lipase. 5 
Results and discussion

Varying the organometallic chemocatalyst
The hydrogen transfer activity of a range of piano stool complexes or Ru(II), Rh(III) and Ir(III) has been reported previously. 13 Here we report the application of these catalysts to the chemoenzymatic dynamic kinetic resolution (DKR) of secondary alcohols. Activity was screened for DKR of secondary alcohols with Candida antarctica lipase B (CalB). Pentamethylcyclopentadienyl (Cp*) iridium N-heterocyclic carbene (NHC) complexes, have already been shown to a promote DKR. 8 In order to validate the work-up and analysis methods kinetic resolutions were first carried out in the absence of an organometallic complex. As expected the procedure gave 50% conversion to R-1-phenylethanol acetate, the percentage enantiomeric excess (% ee) was 94% at 20°C. DKR results were obtained for a variety of Ru(II) ( Table 1) , Rh(III) and Ir(III) ( Table 2) complexes. The structure of 1, 2 and 3 is given (Fig. 1) .
Most of the organometallic complexes tested afforded reasonable conversion over 18 h. The enzyme was affected by the presence of the metal in many cases, affording lower enantioselectivity than obtained in the absence of the complex. Of the Ru(II) complexes tested bimetallic complex 1 13 gave optimum activity and fully conserved selectivity. The synthesis of similar complexes with non-fluorinated ligands has been reported.
14 Comparing 1 and Shvo's catalyst ( Fig. 1 ) 7 both these active catalysts have hindered bimetallic cores and produce two different complexes on dissociation.
Loss of stereoselectivity was more common for Rh(III) and Ir(III) complexes (Table 2) , and this points towards an increased interaction between the metal and lipase B. Complex 2 was selective, but exhibited lower activity, requiring longer reaction times; 97% conversion and good enantioselectivity could be obtained after 48 h. The slow rate of reaction could be attributed to steric crowding as the metal ion is surrounded by fluorinated groups. Such bulk is expected to retard interactions between the bio-and chemo-catalyst, but this must be balanced with the rate Fig. 1 Chemocatalysts for chemoenzymatic DKR.
Scheme 2 Hydrogen transfer mechanism for the racemization of a secondary alcohol by catalyst ML n . 
of racemization, as very bulky ligands will slow the approach of the organic substrate to the metal centre.
Levels of ketone formation were low for Ru(II) and Ir(III) catalysts and higher for Rh(III) catalysts. [Cp*RhCl(μ-Cl)] 2 + DPEN was the most active system for the dehydrogenative oxidation of 1-phenyl ethanol under these conditions.
Overall the results suggest that the activity and selectivity can be tuned, we suggest that the key to a more active chemoenzymatic system is the positioning of enough steric bulk to prevent interaction between the enzyme and chemocatalyst, but not too much, as this will slow down the overall rate of DKR by retarding racemization.
The most active Ru(II) catalyst 1 was tested as a racemization catalyst on the aliphatic substrate rac-pinacolyl alcohol (3,3-dimethyl-2-butanol). Under similar conditions 81% ester at 82% ee was obtained with 3% ketone, Ir(III) catalyst 3 achieved 99% ester, 99% ee. 8 The activity of 3 was compared to that of [(η 5 -Ph 5 C 5 )RuCl (CO) 2 ], a highly active racemization catalyst ( Fig. 1) , 15 both catalysts facilitated good conversion (>99%) and good enantioselectivity (>97% ee) in the presence of base, but only 3 was found to be active in the absence of base. Liquid sampling of a scaled up reaction employing 3 (containing base) revealed the reaction was complete after 2 h 30 min. Isolation of the ester by distillation from a repeated reaction gave a 70% isolated yield of R-1-phenylethanol acetate (97% ee).
Changing the enzyme and bio-chemo compatibility, entrapping the enzyme
Results obtained from a single batch of the enzyme exhibit excellent reproducibility, with results repeatable multiple times, with little variation, independent of the experimenter. However, in our investigations, we found that the results of organometallic chemoenzymatic DKR can vary markedly as the batch of lipase B is changed. 1 These problems are assumed to arise from the interaction between the bio-and chemo-catalysts. If the chemocatalyst associates with the enzyme, this will prevent further racemization and can alter the selectivity of the enzyme by distorting the protein's structure. One way of retarding association, which has been very effectively applied by Bäckvall and co-workers, is to add bulk to the organometallic chemocatalyst, Shvo's catalyst and Bäckvall's catalyst contain bulky phenyl substituents on the cyclopentadienyl ring (Fig. 1) . 5 An alternative approach is to associate the catalyst with a solid material.
A materials approach to the prevention of mutual poisoning of bio-and chemo-catalysts has been reported by Blum and Avnir. 16 The catalysts were compartmentalized by entrapping them inside porous silica by sol-gel processes. This method physically imprisoned the catalyst preventing free diffusion through the solvent and therefore making processes that result from the interaction between the bio-and chemo-catalyst unlikely. 17 Entrapping both catalysts in chemoenzymatic DKR is likely to lead to a highly diffusion limited process, therefore we investigated the entrapment of just the biocatalyst (CalB) in silica gels.
The activity of a batch (different from that above) of lipase acrylic resin from Candida Antarctica (Novozym® 435) and 3 was evaluated. Kinetic resolution gave the expected result of 50% 1-rac-phenyl ethanol conversion to the R-1-phenylethyl acetate. The reaction was repeated as a DKR in the presence of 3, after 48 h only 47% conversion to 1-rac-phenyl acetate was observed. This drop in performance is indicative of an interaction between the chemocatalyst and enzyme. In order to compartmentalize the catalyst and reduce poisoning the Novozym® 435 was entrapped in silica by sol-gel methods. This provides a porous silica coating around the lipase acrylic resin. Entrapment methods have been successfully applied by Hoyos et al. 18 as an enzyme stabilising method in the dynamic DKR of benzoins by Pseudomonas stutzeri employing Shvo's catalyst. In order to entrap the enzyme a basic sol-gel method was applied catalyzed by benzylamine; this method was based on an organogeltemplated method previously described. 19 Upon moderate heating and cooling organogelator 2,5-di-O-methanesulfonyl-1,4:3,6-dianhydro-D-sorbitol gels a range of solvents, including alcohols. In the presence of a silica precursor and promoter the organogel formed acts as a template transcribing silica formation and dictating structure on the micro-and nano-scale. This method was capable of providing a stable matrix that entrapped the enzyme. The distribution of the enzyme throughout the matrix is important to the activity of the resultant material. A base catalysed method of gelation and transcription was used as base promotes the hydrogen transfer reaction. AOT (dioctyl sodium sulfosuccinate) and PEG ( polyethylene glycol) 400 were used to stabilize the enzyme and create the correct environment within the matrix. 20 The charged head group on AOT has the potential to interact with the enzyme, and the PEG forms stable microemulsions within a gel matrix. 21 An acidic sol-gel method was also used to entrap lipase B employing PEG 400 to stabilise the enzyme and phosphoric acid to catalyse the gelation.
In order to investigate the effects of the silica support, the entrapped enzyme catalysts were tested in kinetic resolution. The activity of the doubly immobilized basic gel was approximately 1/10th that of the acrylic resin Novozym® 435 (Table 3 ). The activity of the acidic gel could not be measured as the resulting 1 H NMR spectrum contained many additional resonances, indicating that new side reactions had occurred; these were further investigated and the results reported below.
In order to assess the extent to which the lipase B in the basic gel and in Novozym® 435 was heterogeneous and recyclable, the following procedure was carried out. The enzyme-containing material was exposed to reaction conditions for 2 h, the solution was then filtered off and returned to reaction conditions for a further 2 h, the lipase-containing material was added to a fresh reactant solution and run for 4 h ( Table 4) .
Under these conditions this batch of Novozym® 435 did not recycle well. A significant further conversion (from 32 to 36%) was observed when the filtrate was exposed to reaction conditions for a further 2 h, indicating leaching of active material. Furthermore the used enzyme aggregate gave only 9% conversion after 4 h, indicating little active material was left. The basic gel performed better but not ideally. Initial conversion was reduced relative to Novozym® 435, this was expected as the reactant must now diffuse through the silica gel to reach the entrapped lipase. Upon separation the filtrate was still active, and this reveals that active enzyme was leaching, the activity was 50% of that observed in the presence of the gel. The used and recycled entrapped enzyme gave 27% conversion after 4 h, consistent with conservation of enzyme activity.
Comparing the DKR activity of the entrapped enzyme with 3 and the activity of the parent Novozym® 435 with 3, the entrapped enzyme enabled a 5% improvement in conversion, affording 52% ester (Table 5) .
We propose that the DKR reaction of the basic gel and 3 failed to achieve full conversion for two reasons. Firstly there is a reduction in the activity of the enzyme due to the additional diffusion processes necessary to approach the active site. Secondly there is measureable leaching from the gel, the active enzyme in solution is believed to interact with the chemocatalyst, retarding activity and preventing full conversion of the substrate.
As the entrapment of lipase B was only partially successful and the basic gel exhibited some leaching, higher but not complete conversion was observed in the resultant DKR. We suggest that a better entrapment method would lead to a more robust and recyclable DKR.
In order to investigate the side-reactions occurring when the acidic gel was employed, a gel was prepared consisting of PEG 400, phosphoric acid and silica, with no entrapped lipase. The gel was heated to 105°C (unstirred) in a toluene solution containing rac-1-phenylethanol. The products detected correlated with the side products during kinetic resolution and were identified as the products of dehydration [1-(1-phenylethoxylethyl)-benzene] and styrene (Scheme 3). In order to test whether the catalyst behaved as a homogeneous or heterogeneous Brønsted acid catalyst, the following procedure was carried out. The dehydration was performed for 2 h and the solution and gel separated by filtration. The filtrate was returned to the reaction conditions for a further 2 h. For the final period of 2 h the gel was returned to the solution. The reaction was followed by 1 H NMR and showed straightforward heterogeneous behaviour (Table 6 , Chart 1).
Conclusion
There are a number of side reactions that can reduce the efficiency of the chemoenzymatic DKR of secondary alcohols to esters. Base-catalyzed DKR is susceptible to alcohol dehydrogenation to form ketones due to the Oppenauer oxidation activity of the chemocatalyst. As the relative amount of this side reaction depends on the organometallic catalyst, it can be largely avoided Toluene (2.4 mL), rac-1-phenyl ethanol (7.2 mmol), isopropenyl acetate (7.2 mmol), temperature 70°C.
Scheme 3
The dehydration of rac-1-phenyl ethanol. Toluene (2.0 mL), rac-1-phenyl ethanol (5.6 mmol), temperature 105°C. by picking a suitable catalyst precursor. In the absence of base an acid catalyzed dehydration is possible to form ethers and alkenes. These side reactions are catalyzed by acids and can be excluded through sensible choice of catalysts, reagents and conditions. The most detrimental and unpredictable side reaction in chemoenzymatic DKR is the interaction between the chemo-catalyst and bio-catalyst, this reduces the activity of the enzyme, can hamper enantioselectivity, and frequently stops the racemization catalyst working altogether. The application of bulky groups on the metal catalyst can help to avoid this interaction, but this can be at the detriment of the overall rate, as steric bulk will slow down racemization. In instances where considerable poisoning occurs it is difficult to prevent, and extremely active hydrogen transfer catalysts can be rendered inactive. We suggest that the further protection of the enzyme in a porous material, or alternatively, the adoption of a heterogeneous hydrogen transfer catalyst, can reduce poisoning. A sol-gel entrapped dehydrogenation catalyst was recently reported by Oded et al.
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Experimental NMR spectra were recorded on 400 MHz and 300 MHz Bruker NMR spectrometers. HPLC was performed on an Agilent 1100 with a chiral AD-H column (25 × 19 The following reagents were used as supplied; Novozym® 435, isopropenyl acetate, DPEN, PHEN, benzylamine, Tetraethylorthosilicate (TEOS), PEG 400 and AOT (Sigma-Aldrich), Rac-1-phenyl ethanol (Fluka and Sigma-Aldrich), potassium carbonate (Lancaster), phosphoric acid (85% aqueous solution Lancaster).
KR/DKR to convert rac-1-phenyl ethanol to R-1-phenylethanol acetate
The catalyst precursor(s) (if required), isopropenyl acetate and rac-1-phenyl ethanol were dissolved in toluene and degassed in vacuo. Potassium carbonate was added and the suspension stirred at 70°C under nitrogen for 15 min. Novozym® 435 was added and the reaction stirred gently at 70°C under nitrogen for the reaction time. The product solution was filtered through a silica plug eluted with hexane-diethyl ether (10 : 1). The filtrate was reduced by rotary evaporation to yield a colourless liquid. The product was analysed by 1 H NMR to determine conversion and HPLC to determine enantiopurity. 1 H NMR was used to determine conversion as the spectrum can be recorded in the presence of the metal complex (the presence of the metal catalyst in solution would be damaging to the HPLC column). This enables the degree of conversion to be measured before and after work-up in order to check the validity of the work-up method.
Entrapping lipase in porous silica, basic method Ethanol (1.0 mL) was added to ground Novozym® 435 (0.04 g) in a glass vial. AOT (0.0445 g, 0.100 mmol) was added and the mixture stirred until it dissolved. 2,5-Di-O-methanesulfonyl-1,4:3,6-dianhydro-D-sorbitol (0.10 g, 0.33 mmol), PEG 400 (2.5 mL), ethanol (1.25 mL) and water (0.25 mL) were heated in a separate vial in a water bath to 60°C and stirred to obtain a homogeneous solution. The solutions were combined maintaining heating and stirring. Benzylamine (0.14 g, 1.3 mmol) and TEOS (0.475 g, 2.38 mmol) were added and the mixture heated to 60°C and stirred for a further 10 min. The gel was aged for 2-3 weeks before use. 
